Introduction
============

Cancer stem cells are an exciting avenue for cancer studies, and offer a novel target for drug discovery. The theory of cancer stem-like cells (CSCs) or tumor-initiating cells posits that tumors are organized in a cellular hierarchy that is maintained by a subpopulation of cells displaying stem cell properties.^[@bib1]^ These properties include self-renewal, which drives tumorigenesis and tumor growth, as well as differentiation, which generates the tumor bulk and contributes to cellular heterogeneity.^[@bib2]^ Recent findings have shown that more decentralized tumors with cancer cells are able to switch between these different types.^[@bib3]^ Accumulating evidence suggests that CSCs enhance tumorigenesis and drug resistance.^[@bib4],\ [@bib5],\ [@bib6]^ CSCs were first identified in the hematopoietic system,^[@bib7]^ but have subsequently been identified in many different types of solid tumors, including breast cancer.^[@bib8],\ [@bib9],\ [@bib10]^ These initial studies show that cell-surface marker profiles, such as CD44^high^/CD24^−/low^ ESA^+^, can be used to isolate subpopulations in which CSCs/progenitor cells have been enriched. Another candidate marker for the stem/progenitor cell population in both the normal mammary gland and mammary carcinomas is ALDH1 activity.^[@bib11],\ [@bib12]^ However, it is unreliable if only surface markers are used for CSC isolation. The abilities to regenerate xenograft tumors in the mammary fat pad of immunodeficient mice and to form mammospheres in serum-free medium were strongly suggested to characterize breast CSCs.^[@bib13],\ [@bib14]^

Macroautophagy (for convenience referred to simply as 'autophagy\' below) is an evolutionarily conserved lysosomal degradation pathway in which the cell 'self-digests\' its intracellular materials, and recycles its cytoplasmic components.^[@bib15]^ Basal autophagy is a homeostatic process that allows cells to break down long-lived proteins, and is responsible for regulating organelle turnover. This function is essential for cell fitness, and limits the accumulation of reactive oxygen species. Under conditions of metabolic stress, including nutrient deprivation, autophagy is stimulated to provide the nutrients and energy the cell requires for survival.^[@bib16]^ Moreover, selective autophagy helps the cell get rid of damaged organelles, toxic aggregation-prone proteins and invading microorganisms.^[@bib17]^

Autophagy is induced by an initial membrane nucleation step that requires the ULK1 complex, and a class III phosphoinositide 3-kinase complex that includes Beclin 1.^[@bib18]^ The isolation membrane selects its cargo and elongates until its edges fuse to form a double-membraned structure known as the autophagosome. Two ubiquitin-like conjugation systems forming Atg5--Atg12 and microtubule-associated protein 1 light chain 3-phosphatidylethanolamine (LC3 II), respectively, are necessary for this elongation of the isolation membrane to occur.^[@bib19],\ [@bib20]^ The autophagosome matures by fusing with endosomes and lysosomes, finally forming the autolysosome where cargo degradation occurs.^[@bib21],\ [@bib22]^ The mammalian target of rapamycin (mTOR) constitutes a central checkpoint that downregulates autophagy.^[@bib23]^

Autophagy is upregulated by several tumor suppressor genes, and its impairment is associated with increased tumorigenesis.^[@bib17],\ [@bib24],\ [@bib25]^ Beclin 1 is a haploinsufficient tumor-suppressor gene that can be either monoallelically deleted or display reduced expression in various cancers, including breast cancer. Heterozygous deletion of *Becn1* in mice increases the incidence of spontaneous tumors.^[@bib26],\ [@bib27]^ Two possible mechanisms are currently proposed to explain how a defective survival mechanism can promote tumorigenesis. In normal cells, the coordinated induction of autophagy degrades damaged proteins, lipids and organelles, preventing a toxic buildup of cellular garbage in a p62-dependent manner, thus protecting the cell against changes in cell signaling, oxidative stress and DNA damage, thereby preventing chromosomal instability, genetic change and tumorigenesis.^[@bib28]^ In the absence of autophagy, inflammation resulting from enhanced necrosis can stimulate tumorigenesis.^[@bib29],\ [@bib30]^ Paradoxically, autophagy may also promote the survival of starved tumor cells in regions of the tumor with a poor blood supply.^[@bib29]^ Autophagy may also play a cytoprotective role during anticancer therapy.^[@bib31]^

Here we analyze the autophagy capacities of breast CSCs in three-dimensional cultures known as mammospheres. We found that the autophagic flux was greater in CSC-enriched breast tumor cells than in non-CSC-enriched adherent ones, which correlated with high Beclin 1 expression in mammospheres. We also found that the maintenance and tumorigenicity of breast CSCs is dependent on Beclin 1 and autophagy. The roles of Beclin 1 and autophagy differ in CSCs/progenitor cells and in bulk cancer cells.

Results
=======

Mammospheres display greater autophagic flux
--------------------------------------------

To elucidate the basal and starvation-stimulated autophagic capacities of breast CSCs/progenitor cells, we used an *in vitro* system in which primitive mammary CSCs/progenitor cells can be propagated in culture as floating spherical colonies termed 'mammospheres\'. A single-cell suspension was obtained from either fresh human breast tumors of eight breast cancer patients ([Table 1](#tbl1){ref-type="table"}) or various breast cancer cell lines, including MCF-7, HMLER CD24^low/−^ (HMLER CD24^−^) and BT474. These cells were cultured under adherent and mammosphere conditions ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}, left). We subsequently analyzed the frequency of mammosphere generation using a well-established assay.^[@bib32]^ Our data ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}, right) indicate that mammospheres contain both the CSCs capable of self-renewal and progenitor cells, which is consistent with findings reported by Ponti *et al.*^[@bib14]^ Limiting-dilution transplantation is a well-established assay used to characterize CSC cells.^[@bib1]^ We therefore performed this assay, and compared the tumor-forming abilities of adherent cells and mammospheres in nude mice ([Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}). Data indicated that mammosphere cells were at least 100 times more tumorigenic than adherent cells. The volume of the tumors produced by mammospheric cells was greater than that of tumors produced by adherent cells ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}), indicating that the mammospheres contained more tumorigenic breast CSCs/progenitor cells than adherent cells. From these findings, we concluded that the mammosphere is an adequate model in which are enriched mammary CSCs/progenitor cells. We therefore used mammospheres to elucidate the autophagic capacities of mammary CSCs/progenitor cells.

We analyzed the accumulation of LC3 II, the lipidated form of LC3 associated with the autophagosome membrane. The amount of LC3 II reflects the number of autophagosomes. Because the steady-state levels of autophagosomes are determined by synthesis and consumption in the lysosomal compartment, the effects on autophagy are best determined after clamping autophagosome consumption with bafilomycin A1 (Baf A1), an inhibitor of vacuolar-type H^+^-ATPase.^[@bib33]^ The differences in the amount of LC3 II in the samples in the presence and absence of Baf A1 correspond to the amounts of LC3 II delivered to the lysosomes for degradation (that is, the autophagic flux) ([Figure 1a](#fig1){ref-type="fig"}). The amount of LC3 II markedly increased when MCF-7 mammospheres were used. We also determined the amount of autophagy cargo p62 that was delivered to lysosomes for degradation. We observed a higher rate of p62 degradation in mammospheres than in adherent MCF-7 cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Taken together, these data support the hypothesis that autophagosome synthesis is greater in mammospheres than in adherent cells, both at the basal level and following Earle\'s balanced salt solution (EBSS) treatment. The robust autophagic flux under basal conditions and during starvation was also observed in primary mammospheres ([Figure 1b](#fig1){ref-type="fig"}).

To confirm western blot analysis, changes in the cellular localization of the autophagosome marker LC3 were evaluated in cells stably transfected with GFP-LC3. At basal level, GFP-LC3 assays revealed diffuse staining in untreated MCF-7-GFP LC3 cells. A marked increase in the number of GFP-LC3 dots was displayed when MCF-7-GFP LC3 mammospheres were used. It should be noted that mammospheres were incubated overnight in the same medium as adherent cells before treatment. To block the lysosomal degradation of LC3 II, experiments were also performed in the presence of Baf A1. The accumulation of GFP-LC3 dots was considerably enhanced in mammospheres in the presence of Baf A1 ([Supplementary Figure S2c](#sup1){ref-type="supplementary-material"}). Statistical analysis indicates that at the basal level and under starvation conditions, autophagic flux was significantly higher in the mammospheres than in the adherent cells confirming the western blotting analysis ([Supplementary Figure S2d](#sup1){ref-type="supplementary-material"}).

To avoid using autophagic flux calculations based on Baf A1, we used MCF-7 cells stably transfected with mCherry-GFP-LC3 plasmid. We observed that mammospheres had more autophagosomes and more intense autophagic flux than adherent cells by analyzing the distribution of the mCherry-EGFP-LC3 fusion protein ([Figure 1c](#fig1){ref-type="fig"}). This fusion protein can be used to distinguish between autophagosomes (GFP^+^/mCherry^+^; yellow dots) and autolysosomes (GFP^−^/mCherry^+^; red dots), in which GFP fluorescence was quenched inside the acidic compartments.^[@bib34]^ Statistical analysis indicates that, whatever medium is considered, the numbers of total LC3 puncta and autolysosomes were higher (two- and two- to six-fold, respectively) in the mammospheres than in the adherent cells ([Figure 1d](#fig1){ref-type="fig"}). Taken together, these data demonstrate that both basal autophagy and starvation-stimulated autophagy are robustly active in mammospheres.

Robust autophagic flux in mammospheres is correlated with CSC/progenitor phenotype
----------------------------------------------------------------------------------

To find out whether the culture conditions were responsible for the upregulation of autophagy observed in mammospheres, we firstly tested the basal autophagic flux in mammospheres cultured under different conditions. Our data indicated that serum-free mammosphere medium did not affect the basal autophagic flux of the mammospheres, suggesting that the CSC/progenitor phenotype is responsible for the high level of autophagy ([Figures 2a and b](#fig2){ref-type="fig"}).

Breast CSC cells were found to display properties including ALDH1 activity, which is used to isolate CSC/progenitor cells from malignant tissues and cell lines. We therefore used ALDEFLUOR assay to isolate CSC/progenitor cell population derived from MCF-7 mammospheres ([Figure 2c](#fig2){ref-type="fig"}). Western blot analysis of LC3 showed that in the presence of Baf A1, the amount of LC3 II accumulation was markedly increased when ALDH1^+^ cells were used ([Figures 2d](#fig2){ref-type="fig"}). We also determined the amount of the autophagy cargo p62 that was delivered to lysosomes for degradation. We observed a higher rate of p62 degradation in ALDH1^+^ cells than in the bulk population ([Figure 2d](#fig2){ref-type="fig"}). Taken together, these findings indicate that autophagosome synthesis is greater in ALDH1^+^ cells than in the bulk population, both at the basal level and following EBSS treatment.

From these findings, taken together, we conclude that a high level of autophagy is a hallmark of breast CSCs/progenitor cells.

Beclin 1 expression is upregulated in mammospheres
--------------------------------------------------

Autophagy is tightly regulated by the activity of the Beclin 1 complex in initiating the formation of autophagosomes.^[@bib16]^ We therefore compared Beclin 1 expression in mammospheres and in adherent cells from primary breast cancer or MCF-7 and BT474 cell lines. Real-time quantitative polymerase chain reaction (RT--qPCR) analysis indicated that at the basal level, Beclin 1 mRNA was upregulated to a greater extent in primary mammospheres than in adherent cells ([Figure 3a](#fig3){ref-type="fig"}). Similar data were obtained for the MCF-7 and BT474 cell lines cultured under adherent and mammosphere conditions ([Figure 3a](#fig3){ref-type="fig"}). Beclin 1 mRNA level was also higher in primary mammospheres than in primary adherent cells under starvation conditions ([Figure 3b](#fig3){ref-type="fig"}, left). Similar data were obtained for the MCF-7 cell lines cultured under adherent and mammosphere conditions ([Figure 3c](#fig3){ref-type="fig"}, left). Western blot analysis indicated that at basal levels Beclin 1 protein expression was also upregulated to a greater extent in primary mammospheres than in adherent cells ([Figure 3b](#fig3){ref-type="fig"}, right). Beclin 1 protein level expression was still higher in primary mammospheres than in primary adherent cells under starvation conditions. Similar data were obtained for the MCF-7 cell lines ([Figure 3c](#fig3){ref-type="fig"}, right). From this finding, we concluded that mRNA and protein expression of Beclin 1 are both upregulated in breast CSCs/progenitor cells.

Starvation-induced autophagy in breast CSCs/progenitor cells is Beclin 1 dependent
----------------------------------------------------------------------------------

We next investigated the involvement of Beclin 1 in the regulation of autophagy in mammospheres. We first used MCF-7.*beclin 1*~tet-off~ cells that express detectable endogenous levels of Beclin 1 to investigate the effect of Beclin 1 on starvation-induced autophagy in mammospheres. As expected, the autophagic flux was decreased (three fold) by downregulation of Beclin 1 expression ([Figure 4a](#fig4){ref-type="fig"}), indicating that Beclin 1 is required for autophagy to be stimulated by EBSS in mammospheres. We then compared the increase in the autophagic flux caused by EBSS in control mammospheres (control or pMKO.1-puro scrambled control short hairpin RNA (shSCR)) to that in mammospheres incubated in complete medium or with EBSS following short hairpin RNA (shRNA)-mediated silencing of Beclin 1. As expected, autophagic flux was lower (three fold) when Beclin 1 expression was reduced ([Figure 4b](#fig4){ref-type="fig"}).

The degree of autophagy inhibition was also measured in the adherent cells and during the mammosphere assay ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).Western blot analysis of LC3II accumulation shows that autophagic flux was lower (three fold) when Beclin 1 was reduced, whatever the test conditions.

Beclin 1 is critical for maintaining the proliferation of breast CSCs and progenitor cells
------------------------------------------------------------------------------------------

The number of mammospheres formed after serial passages at clonal density reflects the self-renewal of primitive CSC, whereas the size of the mammospheres reflects progenitor cell proliferation. To investigate the function of autophagy in the self-renewal potential of breast CSCs and progenitor cell proliferation, we first compared primary and secondary mammosphere formation in the presence and absence of tetracycline ([Figure 5a](#fig5){ref-type="fig"}). Surprisingly, we found that both the size (40 versus 100 μm) and number (15 versus 25) of mammospheres decreased when Beclin 1 expression was reduced.

We then investigated primary and secondary MCF-7 mammosphere formation following shRNA-mediated silencing of Beclin 1. Once again, we found that the size (20 versus 120 μm) and number of mammospheres (10 versus 27) fell when Beclin 1 expression was lower (pMKO.1-puro Beclin 1 shRNA (shBECN1); [Figure 5b](#fig5){ref-type="fig"}), suggesting that Beclin 1 is critical for maintaining the proliferation of breast CSCs and progenitor cells. To exclude an MCF-7-specific phenotype, *in vitro* self-renewal assays following shRNA-mediated silencing of Beclin 1 were carried out in two additional breast cancer cell lines, SKBR3 and SK-3rd ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The data obtained indicate that, whatever cell lines are used, Beclin 1 is always critical for maintaining the proliferation of breast CSCs and progenitor cells. It was worth noting that the mammospheres formed by SK-3rd cells are more numerous and larger than those formed by SKBR3 cells, confirming our previous findings as described in Ginestier *et al.*^[@bib35]^

Beclin 1 is critical for breast CSC/progenitor cell tumorigenicity
------------------------------------------------------------------

To evaluate the effect of Beclin 1 on the efficiency of xenograft formation of breast CSCs/progenitor cells, we analyzed the *in vivo* tumorigenicity of MCF-7 adherent cells in nude mice following the shRNA-mediated silencing of Beclin 1 ([Figure 6](#fig6){ref-type="fig"}). As a positive control, 100% of mice inoculated with 5 × 10^[@bib6]^ adherent MCF-7 cells (shSCR) generated tumors ([Figure 6a](#fig6){ref-type="fig"}). As expected, tumor volume ([Figure 6b](#fig6){ref-type="fig"}) and tumor weight ([Figure 6c](#fig6){ref-type="fig"}) were highest with adherent MCF-7 cells when Beclin 1 expression was lower (shSCR versus shBECN1, *P*=0.014; *χ*^2^-test). However, the incidence of tumor formation was lower when adherent shSCR MCF-7 cells were injected into nude mice (2/5 versus 4/5) ([Table 2](#tbl2){ref-type="table"}) than when adherent shBECN1 MCF-7 cells were injected, which is consistent with findings reported by Linag *et al.*^[@bib36]^

We next analyzed the *in vivo* tumorigenicity of MCF-7 mammospheres in nude mice following the shRNA-mediated silencing of Beclin 1 ([Figure 6](#fig6){ref-type="fig"}). Consistent with the findings of the *in vitro* assay of self-renewal potential ([Figure 5](#fig5){ref-type="fig"}), tumor volume ([Figure 6b](#fig6){ref-type="fig"}) and tumor weight ([Figure 6c](#fig6){ref-type="fig"}) were higher with mammospheric MCF-7 cells when Beclin 1 expression was higher (shSCR versus shBECN1, *P*\<0.01; *χ*^2^-test). The incidence of tumor formation was higher when mammospheric shSCR MCF-7 cells were injected into nude mice (5/5 versus 2/5) ([Table 2](#tbl2){ref-type="table"}) than when mammospheric shBECN1 MCF-7 cells were injected.

We also analyzed *in vivo* tumorigenicity of SK-3rd and SKBR3 adherent cells and mammospheres in nude mice following the shRNA-mediated silencing of Beclin 1. Tumor volume ([Supplementary Figures S5a, b, d and e](#sup1){ref-type="supplementary-material"}) was highest for both adherent SK-3rd and SKBR3 cells when Beclin 1 expression was low. The incidence of tumor formation was lower when both adherent SK-3rd- and SKBR3-shSCR cells were injected into nude mice (2/5 versus 3/5; 1/5 versus 2/5, respectively) ([Supplementary Figures S5c and f](#sup1){ref-type="supplementary-material"}) than when adherent shBECN1 cells were injected, which is consistent with the findings for MCF-7 cells.

In line with the tumorigenicity of MCF-7 cells, tumor volume ([Supplementary Figures S5a, b, d and e](#sup1){ref-type="supplementary-material"}) was higher with both mammospheric SK-3rd and SKBR3 cells when Beclin 1 expression was higher (shSCR versus shBECN1). The incidence of tumor formation when mammospheric shSCR cells were injected into nude mice was higher ([Supplementary Figures S5c and f](#sup1){ref-type="supplementary-material"}) than when mammospheric shBECN1 cells were injected. The data from these experiments indicate that whatever cell lines were used in our animal model, Beclin 1 was always critical for the tumorigenicity of breast CSCs/progenitor cells.

Autophagy is critical for the maintenance of breast CSCs
--------------------------------------------------------

The interconnection between autophagy and maintenance/proliferation of breast CSCs/progenitor cells was further investigated using chemical inhibitors of autophagy ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) and shRNA-dependent suppression of the expression of essential autophagy genes, such as *ATG7* ([Supplementary Figure S7a](#sup1){ref-type="supplementary-material"}).

The Vps34 class III phosphatidylinositol 3-kinase complex plays an essential role in autophagosome formation. We found that the mammospheres were smaller (30 versus 120 μm) when they had been treated with 3-MA, a Vps34 class III phosphatidylinositol 3-kinase inhibitor, whereas the number of mammospheres formed remained significantly similar ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), indicating that progenitor cells proliferation was dramatically inhibited by 3-MA, but that this agent did not affect the self-renewal of breast CSCs. 3-MA, which is used at very high concentrations to inhibit autophagy (usually 10 mℳ), has potential off-target effects that might complicate the interpretation of the results.^[@bib37]^

Although phosphatidylinositol 3-kinase inhibitors block the formation of autophagosomes, the other major pharmacological inhibitors in experimental use block later stages of autophagy.^[@bib38]^ Vinblastine, a microtubule-disrupting agent, inhibits autophagosome--lysosome fusion, a step in the pathway that requires microtubules. Baf A1 and chloroquine inhibit the final degradation of the autophagic cargo inside autolysosomes. We found that secondary mammosphere formation was totally abolished when the mammospheres were treated with vinblastine, Baf A1 and chloroquine ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

As both chemical inhibitors of autophagy and depletion of Beclin 1 could inhibit the maintenance/proliferation of breast CSCs/progenitor cells by mechanisms independent of their effects on autophagy, we knocked down the expression of another essential autophagy gene, *ATG7*, in MCF-7 cells, using specific shRNAs, before analyzing mammosphere formation. We found that both the number (20 versus 41) and the size of the mammospheres decreased significantly (88 versus 53 μm, *P*\<0.001) when Atg7 expression was reduced ([Supplementary Figure S7b and c](#sup1){ref-type="supplementary-material"}). The degree of autophagy inhibition was also measured in the adherent cells and during the mammosphere assay ([Supplementary Figure S7d and e](#sup1){ref-type="supplementary-material"}). Western blot analysis of LC3 II accumulation shows that autophagy flux was always lower (2.5-fold) when Atg7 was reduced, whatever the test conditions.

Collectively, these findings indicate that Atg7 is critical for maintaining breast CSCs and progenitor cell proliferation.

Interestingly, it has been demonstrated that substratum detachment promotes autophagy as a survival mechanism.^[@bib39]^ The interconnection between autophagy, an early time point following detachment and the number of breast CSCs/progenitor cells was further investigated using ALDEFLUOR assay. The effect of decreased survival during detachment could contribute to the ultimate deficiency observed in mammosphere formation, and so we analyzed the percentage of ALDH1^+^ cells among the MCF-7 shSCR and MCF-7 shATG7 cells before and after detaching the cells for 24 h. The data from these experiments show that there was no change in the percentage of ALDH1^+^ after detachment in either cell population ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). These data support that maintaining CSCs by autophagy promotes the stem cell phenotype.

Discussion
==========

Autophagy is upregulated by several tumor suppressor genes, and impaired autophagy is associated with increased tumorigenesis.^[@bib17],\ [@bib24],\ [@bib25]^ Recent data suggest that suppressing autophagy inhibits the genesis and progression of mammary tumors in animals with an intact immune system.^[@bib40]^ Hence, the precise role of autophagy during cancer progression and treatment is both tissue- and context-dependent. Breast CSCs promote both tumorigenesis and drug resistance. An appropriate CSC model is critical for analyzing autophagy and its involvement in CSC biology. In this study, we characterized mammospheres from patients and human breast cancer cell lines. Our data indicate that mammosphere cultures of breast cancer cells have higher stemness marker expression and also greater tumorigenicity than adherent cells in nude mice, indicating that the mammospheres contained more CSCs/progenitor cells than the parental adherent cultures, which is consistent with other studies of the growth of breast CSCs as mammospheres in three-dimensional cultures.^[@bib13],\ [@bib14]^ Although the 'whole\' mouse mammary and human breast tumors probably arise from a combination of 'adherent\' and 'mammosphere\'-like cells, CSCs play a critical role in 'total\' tumor progression. Statistical analysis indicates that both at basal level and under starvation conditions, autophagic flux was significantly higher in the mammospheres than in the adherent cells. Mammospheres are formed by growing breast cancer cells under low attachment conditions; hence, extracellular matrix detachment can induce robust autophagy in all cells during mammosphere formation. However, we observed that basal and starvation-induced autophagy flux was also higher in the ALDH1^+^ population derived from mammospheres than in the bulk population. These findings suggest that CSC/progenitor phenotype displays higher autophagic flux than the non-CSC/progenitor phenotype. Utilizing the side population from MCF-7 cells, Zhou *et al.*^[@bib41]^ suggested that the PTEN/mTOR/STAT3 pathway is required for the maintenance of breast cancer stem cells.^4^ Activation of mTOR downregulates autophagy, and leads to the phosphorylation of eukaryotic initiation factor 4E binding protein 1, and of the 70-kDa polypeptide 1 ribosomal protein S6 kinase-1 (p70S6K), two proteins involved in protein synthesis. We monitored the activity of mTOR by immunodetecting the levels of phosphorylation of its substrates, 4E binding protein 1 and p70S6K, at Thr37/46 and Thr389, respectively (data not shown). The phosphorylation of 4E binding protein 1 and pS706K in the mammospheres was no lower than that in the adherent cells, indicating that the upregulation of the autophagic flux in the mammosphere was not due to mTOR inhibition. Our data are consistent with the absence of any evidence for mTOR regulation of normal or malignant mammary stem/progenitor cells as reported by Yue *et al.*^[@bib42]^

We found that Beclin 1 expression was upregulated at the protein and mRNA levels in breast CSCs/progenitor cells. Beclin 1 is a potential target for miRNA miR-30a, and this miRNA could downregulate Beclin 1 expression, resulting in lower autophagic activity.^[@bib43]^ We used RT--qPCR to compare miRNA miR-30a levels in the mammospheres and in the adherent cells, and did not observe any correlation between the upregulation of Beclin 1 expression and the downregulation of miR-30a in breast CSCs (data not shown).

Surprisingly, suppression of autophagy in breast CSCs/progenitor cells by a chemical inhibitor or Beclin 1/Atg7 depletion reduces both the size and formation efficiency of mammospheres. These data indicate that autophagy is required for CSCs to be maintained, which would be consistent with an essential regulator function of Atg7 in hematopoietic stem cell maintenance.^[@bib44]^ However, an alternative explanation is that ATG knockdown cells exhibit increased anoikis when first introduced into the mammosphere assay, which ultimately results in mammosphere-deficiency phenotypes over extended periods. We did not observe any change in the percentage of ALDH1^+^ in either cell population after detachment. These findings rule out this hypothetical explanation, and suggest that autophagy is indeed required for stem cell maintenance and expansion.

Consistent with the tumor-suppressing function of Beclin 1 detected in studies using tumor cell lines in monolayer cultures and mouse models,^[@bib26],\ [@bib27],\ [@bib36]^ Beclin 1 depletion in monolayer cultures was found to increase tumorigenesis. Despite these early data implicating Beclin 1 in the suppression of breast cancer, our data using mammospheres and nude mice models indicate that Beclin 1 depletion did not lead to tumor development. Furthermore, the suppression of autophagy in breast CSCs/progenitor cells by Beclin 1 depletion inhibited tumorigenesis. These findings suggest that autophagy may be protumorigenic in breast CSCs/progenitor cells. Our data are consistent with those reported by Wei *et al.*,^[@bib45]^ indicating that the suppression of autophagy by the deletion of FIP200 (200-kDa FAK family interacting protein), an important regulator of autophagy in mammalian cells, inhibits mammary tumorigenesis.

Materials and methods
=====================

Antibodies and reagents
-----------------------

Anti-actin antibody and rabbit polyclonal anti-LC3B and anti-Atg7 antibodies were supplied by Sigma-Aldrich (St Louis, MO, USA). Anti-Beclin 1 antibody was from BD Biosciences PharMingen (San Jose, CA, USA). Baf A1 was from Sigma. EBSS and fetal bovine serum were from Invitrogen (Carlsbad, CA, USA). The ECLTM western blotting detection kit and donkey anti-rabbit antibody were purchased from Amersham Bioscience (Buckinghamshire, UK). Goat anti-mouse and swine anti-goat antibodies were obtained from Bio-Rad (Richmond, CA, USA) and Caltag (Burlingame, CA, USA).

Tumor specimens
---------------

Fresh tumor tissues were obtained from eight female breast cancer patients via an ultrasound-guided vacuum-assisted Vacora biopsy system (Bard Biopsy System, Tempe, AZ, USA), as approved by the Research Ethics Board at the Breast Tumor Center, Sun Yat-Sen Memorial Hospital. The patients were fully informed and consented to the collection of clinical samples ([Table 1](#tbl1){ref-type="table"}). All samples reached the laboratory within 20 min, and were immediately mechanically disaggregated and digested with collagenase as described elsewhere.^[@bib8]^ Single-cell suspensions were obtained by filtering through a 40-μm filter.

Cell culture
------------

Primary cells were cultured both as adhering cells in Dulbecco\'s modified Eagle\'s medium supplemented with 20% fetal bovine serum, and suspended in serum-free Dulbecco\'s modified Eagle\'s medium/F12 supplemented with B27 (1:50; Invitrogen), 20 ng/ml epidermal growth factor (BD Biosciences), 0.4% bovine serum albumin (Sigma) and 4 μg/ml insulin (Sigma), as previously described.^[@bib14],\ [@bib35],\ [@bib46]^

Human breast cancer cell line MCF-7 and MCF-7-GFP/LC3 cells were kindly provided by M Jaattela (Institute of Cancer Biology, Copenhagen, Denmark), and cultured in RPMI supplemented with 2 mℳℒ-glutamine and 10% fetal bovine serum. MCF-7/tet-off cells stably transfected with *beclin 1* (MCF-7.*beclin 1*~tet-off~ ) were kindly provided by B Levine (Department of Microbiology, University of Texas Southwestern Medical Center, Dallas, TX, USA), and cultured in Dulbecco\'s modified Eagle\'s medium with 200 μg/ml hygromycin B. Beclin 1 expression was repressed by treatment for 3 days with 2 μg/ml tetracycline.

The human mammary epithelial cell line infected with a retrovirus carrying hTERT, SV40 large T and the oncogenic allele H-RasV12 (referred to as HMLER) was a generous gift from RA Weinberg Whitehead Institute, Massachusetts Institute of Technology. Epithelial--mesenchymal transition can promote stem cell phenotype in mammary epithelial cells.^[@bib47]^ HMLER CD24^−/low^ (CD24^−^) is a subclone that was established as described.^[@bib48]^ This model is known to be rich for the 'stemness\' phenotype. HMLER CD24^−^ cells were cultured as recommended by Lonza (Tebu, Le Perray en Yvelines, France). BT474 cells were obtained from ATCC (Manassas, VA, USA), and cultured and maintained according to ATCC instructions.

Mammosphere formation and frequency assay
-----------------------------------------

Single cells were plated at 10^3^ cells/ml in ultra-low attachment culture dishes in serum-free Dulbecco\'s modified Eagle\'s medium/F12 supplemented with B27 (1:50; Invitrogen), 20 ng/ml epidermal growth factor (BD Biosciences), 0.4% bovine serum albumin (Sigma) and 4 μg/ml insulin (Sigma), as described previously.^[@bib14],\ [@bib35],\ [@bib46]^ To propagate mammospheres *in vitro*, primary mammospheres were enzymatically dissociated with 0.05% trypsin for 15 min at 37 °C to obtain a single-cell suspension, and then cultured in suspension to produce the next generation of mammospheres. Sphere formation was assessed 11 days after seeding the cells, and the percentage of mammospheres per well and the size of the mammospheres were analyzed. HMLER CD24^low/−^ mammosphere culture was performed in ultra-low attachment plates in serum-free MEBM-2 (Lonza).

Xenograft tumor formation
-------------------------

All the parental adherent cells (MCF-7, SKBR3, SK-3rd and stably knocked down clones) were firstly enzymatically dissociated with trypsin to get single cells. These single cells were then cultured under adherent or mammosphere culture condition to generate adherent daughter or mammospheric cells, respectively. Adherent cells and mammosphere cultures were collected, enzymatically dissociated, washed in phosphate-buffered saline and resuspended in phosphate-buffered saline/Matrigel mixture (1:1 volume). A measure of 0.1 ml of this mixture was then implanted in the mammary fat pad of 5-week-old female Athymic Nude-Fox1nu mice (Harlan, France). The mice were maintained in individually ventilated cages (Tecniplast, Lyon, France) under constant temperature and humidity; all experiments were performed under laminar flow (Tecniplast). The mice received estradiol supplementation (0.4 mg/kg) every 7 days for 42 days after cell injection, and were observed and palpated for tumor appearance. Tumor growth was measured weekly using calipers. Tumor volume was determined using the standard formula: *L* × *W*^2^ × 0.52, where *L* and *W* are the longest and shortest diameters, respectively. All animal work was carried out according to the Guidelines of the United Kingdom Co-ordinating Committee on Cancer Research.

Detection of ALDH1^+^ cells
---------------------------

ALDH1 enzyme activity was detected using the ALDEFLUOR kit (Aldagen, Durham, NC, USA) according to the manufacturer\'s protocol. Briefly, cells (1 × 10^6^/ml) were loaded with the enzyme substrate either alone or in the presence of the specific enzyme inhibitor diethylamino-benzyaldehyde (DEAB). After 30 min at 37 °C, the cells were analyzed using BD LSR Fortessa flow cytometry with 488-nm blue laser and 530/30 bandpass filter (green fluorescence). ALDH1^+^ cells were identifiable by having greater fluorescence than cells in which enzyme activity was inhibited by DEAB.

Isolation of ALDH1^+^ cells by fluorescence-activated cell sorting
------------------------------------------------------------------

Single MCF-7 cells were plated at 10^3^ cells/ml in ultra-low attachment culture dishes in the mammosphere medium. After 7 days, ALDH activity in MCF-7 mammosphere (10^7^ cells) was measured by flow cytometry using the ALDEFLUOR reagent in the presence or absence of DEAB. Cells expressing ALDH1 (ALDH1^+^ gate) were sorted on FACS Aria I flow cytometer with 488-nm blue laser and 530/30 bandpass filter. ALDH1^+^ cells were collected, and then plated in complete adherent medium. Cells were then analyzed as indicated in the legend of [Figures 2c--e](#fig2){ref-type="fig"}.

Western blot analysis
---------------------

Western blot analysis was carried out as described previously.^[@bib49]^ All experiments were performed at least three times. Representative autoradiograms are shown. The antibody dilutions were as follows: anti-LC3, 1:5000; anti-Beclin 1, 1:2500; and anti-β-actin, 1:20 000.

Generation of Beclin 1 shRNA-expressing retroviruses and transfection of breast cancer cells
--------------------------------------------------------------------------------------------

The retroviral vector pMKO.1-puro was obtained from Invitrogen. The following phosphorylated and annealed small interfering RNA oligos against scrambled control shRNA or Beclin 1 shRNA were inserted into the *Age*I and *Eco*RI sites of pMKO.1-puro: Beclin 1 shRNA1, forward, 5′-CCGGCTCAGGAGAGGAGCCATTTCTCGAGAAATGGCTCCTCTCCTGAGTTTTTG-3′ and reverse, 5′-AATTCAAAAACTCAGGAGAGGAGCCATTTCTCGAGAAATGGCTCCTCTCCTGAG-3′ scrambled control shRNA, forward 5′-CCGGGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAATTTTTG-3′ and reverse, 5′-AATTCAAAAAGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAA-3′.

The resultant vectors were designated as shSCR and shBECN1, respectively. A total of 2 × 10^6^ HEK 293T cells were co-transfected with 1 μg of empty pMKO.1-puro, shSCR or shBECN1 and 1 μg of pCL-Ampho (Imgenex, San Diego, CA, USA), a vector encoding a replication-defective helper virus, using FuGENE 6 (Roche Diagnostics, Meylan, France). At 24 h after transfection, the supernatants, containing amphotropic retroviruses, were collected, filtered (0.45 μm), supplemented with Sequa-brene (final concentration, 8 μg/ml) and used for infection. A total of 1 × 10^6^ MCF-7 cells were infected with the amphotropic retroviruses, and 24 h later, selection of the infected cells was started in the medium containing 500 ng/ml puromycin. The selected cell populations were subjected to western blotting with an anti-Beclin 1 antibody to investigate the silencing efficiency of the Beclin 1 shRNA.

Atg7 shRNA and noncoding shRNA lentiviral particles (Santa Cruz, Santa Cruz, CA, USA) were used to infect directly immortalized MCF-7 cells, and stable clones were selected using puromycin as described previously.^[@bib50]^ The selected cell populations were subjected to western blotting with an anti-Atg7 antibody to investigate the silencing efficiency of the Atg7-shRNA.

GFP-LC3 or mCherry-GFP-LC3 assay
--------------------------------

The assay was performed in MCF-7-GFP-LC3 cells (kindly provided by M Jaattela, Institute of Cancer Biology, Copenhagen, Denmark) or mCherry-GFP-LC3 cells (kindly provided by N Brady, German Cancer Research Center, Heidelberg, Germany). Autophagy was then measured by confocal counting of cells with GFP-LC3 puncta or GFP^+^/mCherry^+^ (yellow) and GFP^−^/mCherry-LC3^+^ (red) puncta.

Immunofluorescence and microscopy
---------------------------------

Adherent cells were grown to 50% confluence on a coverslip. Mammospheres were cultured overnight in the same medium, and adherent cells and the corresponding mammospheres were then cultured in complete or starvation medium for the times indicated. The cells were washed twice with phosphate-buffered saline, and then fixed with freshly prepared 3.7% formaldehyde at 4 °C for 20 min. Cells were then washed in 1 × phosphate-buffered saline, and slides were mounted with a coverslip using the DAKO Mounting Medium. Cell images were obtained using an LSM 510 META confocal microscope (Zeiss, LE PECQ, France) equipped with an argon laser (wavelength excitation 488 nm) and a Plan-Apochromat × 63/1.4 oil objective lens. GFP fluorescence was collected with a 505 nm long-pass emission filter. The pinhole diameter was set at 1.0 Airy Unit, giving a 0.8 μm optical slice thickness. Stacks of images were collected every 0.37 μm along the *z* axis.

Since the spheres are three-dimensional specimens, optical sectioning was carried out along the *XZ* plane to get a *Z* stack for each specimen. Images were then imported, and further analyzed.

Quantitative evaluation and statistical analysis of data
--------------------------------------------------------

The three-dimensional reconstructions of mammospheres captured by confocal microscopy were performed using the Imaris software package (Bitplane Scientific Software, St Paul, MN, USA).

To determine the number of GFP-LC3 vacuoles in three dimension, we performed surface rendering using the Imaris MeasurementPro module. After identifying the objects from their intensity and their size, the data was exported to MS Excel and further analyzed. At least 50--100 cells per sample were counted in duplicate samples per condition per experiment.

RT--qPCR analysis
-----------------

Total RNA was extracted using the TriZOL reagent, according to the manufacturer\'s instructions (Invitrogen). RNA quality was checked by capillary electrophoresis using the Bioanalyzer 2100 device (Agilent Technologies, Massy, France). One microgram of total RNA was reverse-transcribed using oligo(dT) and random hexamer primers, using the iScript cDNA synthesis kit according to the manufacturer\'s recommendations (Bio-Rad). Quantitative real-time PCR was performed using 4 μl of 50-fold diluted cDNA in a final volume of 10 μl using the SsoFast EvaGreen supermix according to the manufacturer\'s instructions (Bio-Rad) in a CFX96 thermal cycler (Bio-Rad). Previously described PCR primers for the *BECN1* gene target were used.^[@bib51]^ The relative expression of the transcripts was normalized on the endogenous control gene *ACTB* using the delta-delta Cq calculation method.

Statistical analysis
--------------------

Statistical analysis of the differences between the groups was performed using Student\'s *t*-test. *P*\<0.05 was considered statistically significant.
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![Autophagic flux in mammospheres and adherent cells. (**a**) Immunoblot analysis of LC3 I and LC3 II levels in MCF-7 adherent cells (left) and mammospheres (right). Cells were incubated in complete medium (CM) or with EBSS for the time indicated in the presence or absence of Baf A1 (final concentration: 100 nℳ) for 2 h. (**b**) Immunoblot analysis of LC3 I and LC3 II levels in primary adherent cells (left) and primary mammospheres (right). Cells were incubated in CM or with EBSS for 4 h in the presence or absence of Baf A1 (final concentration: 100 nℳ) for 2 h. Actin immunoblotting was used as a loading control. The LC3 II/actin ratio was determined using the Bio1D software. Results are representative of three independent experiments. Control was set as 1 in adherent untreated cells. The autophagic flux determined as the ratio between the LC3 II levels with Baf A1 and without Baf A1 in (**a**) and (**b**) (bottom) is expressed in arbitrary units. (**c**) MCF-7-mCherry-GFP-LC3 adherent cells and mammospheres were incubated in CM or with EBSS for the times indicated, fixed and then visualized by confocal microscopy. Bars: 15 μm. (**d**) The number of GFP^+^/mCherry^+^(yellow) and GFP^−^/mCherry-LC3^+^ (red) dots was scored on ∼50 to 100 cells. The data are presented as means±s.d. from three independent experiments and analyzed using Student\'s *t*-test (\**P*\<0.05, \*\**P*\<0.01).](onc2012252f1){#fig1}

![Robust autophagic flux in mammospheres is correlated with the CSC/progenitor phenotype. (**a**) Immunoblot analysis of LC3 I and LC3 II levels in MCF-7 mammospheres. Cells were incubated in complete mammosphere medium or adherent medium for 16 h in the presence or absence of Baf A1 (final concentration: 100 nℳ) for 2 h. (**b**) The LC3 II/actin ratio and autophagy flux were determined as described in [Figure 1c](#fig1){ref-type="fig"}. ALDH1^+^ cells were isolated by fluorescence-activated cell sorting. ALDH1 activity in an MCF-7 mammosphere was measured by flow cytometry using the ALDEFLUOR reagent in the presence or absence of the ALDH1 inhibitor DEAB. Cells expressing ALDH1 were sorted using the ALDH1^+^ gate based on cells treated with the ALDH1 inhibitor, DEAB. ALDH1^+^ cells are collected, and then incubated in complete adherent medium. (**d**) Immunoblot analysis of p62, LC3 I and LC3 II levels in ALDH1^+^ cells (left) and bulk population mammospheres (right) were incubated in CM or with EBSS for the times indicated in the presence or absence of Baf A1 (final concentration: 100 nℳ) for 2 h. (**e**) The LC3 II/actin ratio and autophagy flux were determined as described in [Figure 1](#fig1){ref-type="fig"}.](onc2012252f2){#fig2}

![Beclin 1 expression is upregulated in mammospheres.(**a**) The single-cell suspension from either fresh breast cancer samples or various different breast cancer cell lines was cultured under adherent or mammosphere conditions. The expression of the *BECN1* gene in mammospheres and adherent cells was investigated using RT--qPCR. Results are expressed as the mean±s.d. for three independent determinations and analyzed using Student\'s *t*-test (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). The fold change was calculated relative to control adherent cells. (**b**) Primary adherent cells and primary mammospheres were incubated in complete medium (control) or with EBSS for 4 h, and then the expression level of the *BECN1* gene was determined as in (**a**) using quantitative RT--qPCR (left). Results are expressed as described in (**a**). Immunoblot analysis of Beclin 1 levels in primary mammospheres and adherent cells (right). Control was set as in 1 in untreated cells. (**c**) MCF-7 mammospheres and adherent cells were incubated in complete medium or with EBSS for the times indicated, and then the expression of *BECN1* gene was determined as in (**a**, left). Results are expressed as described in (**a**). Immunoblot analysis of Beclin 1 levels in MCF-7 mammospheres and adherent cells (right).](onc2012252f3){#fig3}

![Starvation-induced autophagy in mammospheres is Beclin 1-dependent. (**a**) MCF-7.*beclin 1*~tet-off~ adherent cells were cultured in the presence or absence of 2 μg/ml of tetracycline for 1 week. The single-cell suspension of cells from each condition was cultured under mammosphere conditions in the presence or absence of 2 μg/ml of tetracycline. Mammospheres were incubated in complete medium (CM) or with EBSS for indicated time in the presence or absence of Baf A1 (final concentration: 100 nℳ) for 2 h. Lysates were separated on sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) gels, and membranes were immunoblotted with the antibodies indicated (upper). The LC3 II/actin ratio and autophagic flux were determined as described in [Figure 1](#fig1){ref-type="fig"} (bottom). (**b**) MCF-7 adherent cells were stably transfected with shRNA-mediated scramble (shSCR) or shRNA-mediated silencing of Beclin 1 (shBECN1). The single-cell suspension from each condition was cultured under mammosphere conditions and analyzed as indicated in [Figure 4a](#fig4){ref-type="fig"}. \**P*\<0.05.](onc2012252f4){#fig4}

![Beclin 1 is critical for the maintenance of breast CSCs and progenitor cells proliferation. (**a**) MCF-7.*beclin 1*~tet-off~ adherent cells were cultured as in [Figure 4a](#fig4){ref-type="fig"}. Mammospheres from each condition were seeded at a single cell per well in a 96-well plate. Primary mammospheres were enzymatically dissociated with trypsin to obtain a single-cell suspension. Cells were then seeded at one single cell per well in a 96-well plate, and secondary mammospheres formed after 11 days. Representative phase-contrast photomicrographs of mammospheres formed after 11 days (upper). The number and the size of the mammospheres were quantified (bottom). Results are representative of three independent experiments. (**b**) MCF-7 adherent cells were stably transfected with empty pMKO.1 vector (control) or shRNA-mediated scramble (shSCR) or shRNA-mediated silencing of Beclin 1 (shBECN1). The single-cell suspension of cells from each condition was cultured under mammosphere conditions and analyzed as indicated in [Figure 5a](#fig5){ref-type="fig"}. \*\**P*\<0.01; \*\*\**P*\<0.001.](onc2012252f5){#fig5}

![Beclin 1 is critical for mammosphere tumorigenicity. (**a**) MCF-7 adherent cells were stably transfected with shRNA-mediated scramble (shSCR) or shRNA-mediated silencing of Beclin 1 (shBECN1). The single-cell suspension corresponding to each condition was cultured under mammosphere conditions. Incidence of tumors induced by injecting the indicated number of adherent and mammospheric cells into nude mice. (**b**) Tumor volume and (**c**) tumor weight was determined as described in Materials and methods section. Tumor volume and weight from mammospheric MCF-7 shSCR cells were higher than in mammospheric MCF-7 shBECN1 cells. In contrast, adherent MCF-7 Beclin 1^+^ cells were less tumorigenic than MCF-7 beclin 1^−/low^ cells. \**P*\<0.05; \*\**P*\<0.01.](onc2012252f6){#fig6}

###### Patients and tumor characteristics

  *Case no.*   *Age*    *Diagnosis*  *Tumor size (cm*^*2*^)    *Receptor status*  *HER2*    *Grade*   *Lymp node status*   *Clinical stage*   *Mammospheres per 1000 cells*  
  ------------ ------- ------------- ------------------------ ------------------- -------- --------- -------------------- ------------------ ------------------------------- -----
  1            48           IDC      3.5 × 2.0                        (+)         (+)         (−)            III                  N1                       II                 59
  2            34           IDC      3.8 × 2.5                        (+)         (−)         (+)             II                  N2                       III                178
  3            44           IDC      4.3 × 2.3                        (−)         (−)         (−)            III                  N1                       II                 228
  4            45           IDC      2.9 × 2.0                        (−)         (−)         (+)            III                  N1                       II                 178
  5            52           IDC      3.3 × 1.8                        (+)         (+)         (−)            III                  N2                       III                61
  6            43           IDC      4.2 × 1.9                        (+)         (+)         (−)            III                  N2                       III                107
  7            55           IDC      3.0 × 1.6                        (+)         (−)         (−)            III                  N1                       II                 175
  8            50           IDC      3.9 × 2.1                        (+)         (+)         (+)            III                  N1                       II                 128

Abbreviations: ER, estrogen receptor; IDC, invasive ductal breast cancer; PR, progesterone receptor.

###### Incidence of tumors by MCF-7 mammosphere and adherent cells in nude mice following the shRNA-mediated silencing of Beclin 1

  *Number of cells inoculated*    *5 × 10*^*6*^  *5 × 10*^*4*^   *5 × 10*^*2*^
  ------------------------------ --------------- --------------- ---------------
  Mammosphere MCF-7 shSCR                        5/5             5/5
  Mammosphere MCF-7 shBECN1                      3/5             2/5
  Adherent MCF-7 shSCR                 5/5       2/5              
  Adherent MCF-7 shBECN1                         4/5              

Abbreviations: shBECN1, Beclin 1 shRNA; shSCR, scrambled control shRNA; shRNA, short hairpin RNA.
